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Mass spectrometry imaging of the in situ drug release 
from nanocarriers
Jinjuan Xue1,2, Huihui Liu1, Suming Chen1,3*, Caiqiao Xiong1*, Lingpeng Zhan1,  
Jie Sun1, Zongxiu Nie1,2*

It is crucial but of a great challenge to study in vivo and in situ drug release of nanocarriers when developing a 
nanomaterial-based drug delivery platform. We developed a new label-free laser desorption/ionization mass 
spectrometry (MS) imaging strategy that enabled visualization and quantification of the in situ drug release in 
tissues by monitoring intrinsic MS signal intensity ratio of loaded drug over the nanocarriers. The proof of concept 
was demonstrated by investigating the doxorubicin (DOX)/polyethylene glycol–MoS2 nanosheets drug delivery 
system in tumor mouse models. The results revealed a tissue-dependent release behavior of DOX during circula-
tion with the highest dissociation in tumor and lowest dissociation in liver tissues. The drug-loaded MoS2 nano-
carriers are predominantly distributed in lung, spleen, and liver tissues, whereas the accumulation in the tumor 
was unexpectedly lower than in normal tissues. This new strategy could also be extended to other drug-carrier 
systems, such as carbon nanotubes and black phosphorus nanosheets, and opened a new path to evaluate the 
drug release of nanocarriers in the suborgan level.

INTRODUCTION
The rapid development of nanotechnologies has enabled nanopar-
ticles to be increasingly applied to biomedicine (1), especially in the 
application as drug carriers (2). The nanoscale drug carriers have 
the potential to protect small molecular anticancer drugs from rap-
id clearance in the bloodstream (3, 4), overcome the physiological 
barriers (5), and accumulate specifically in the tumor areas (6). 
These advantages have attracted much attention to developing more 
efficient and versatile organic/inorganic or hybrid nanoparticles to 
assist cancer diagnosis and treatment (7). To develop an efficient 
drug carrier, the investigation of its biodistribution and drug release 
behavior in a living model biosystem is prerequisite. However, this 
investigation is challenging in part because of the lacking of desir-
able analytical techniques that enable simultaneous tracking of 
the nanocarriers and their payload drugs (8). The traditional tech-
niques, such as positron emission tomography, magnetic resonance 
imaging, and fluorescent imaging, have various limitations, includ-
ing limited spatial resolution, complicated labeling processes, or 
difficulty in simultaneously tracking the nanocarriers and drug 
release (9). Matrix-assisted laser desorption/ionization (MALDI) 
mass spectrometry imaging (MSI) is a powerful label-free tool to 
map biological molecules, such as lipids (10, 11), metabolites (12), 
proteins (13), and drugs (14), directly from biological tissues. Our 
previous work has demonstrated that many nanomaterials such as 
carbon nanomaterials have the capability to produce characteristic 
MS signals upon the laser ablation, which could act as markers for 
tracking their distribution in tissues by laser desorption/ionization 
MSI (LDI MSI) (15). Theoretically, this kind of nanomaterial that 
could adsorb and transfer ultraviolet (UV) laser energy may also 
serve as a matrix to assist the ionization of payload drugs during the 

LDI process (16). The idea of taking advantage of the matrix func-
tion of nanoparticles has been successfully applied in the study of 
stability of monolayer surface modifications on nanoparticles (17). 
This concurrent ionization is promising to simultaneously detect and 
image the nanocarriers and loaded drugs by matrix-free LDI MSI.

Two-dimensional (2D) graphene-like transition-metal dichalco-
genide nanomaterials are a new generation of ultrathin 2D nano-
materials (18). Molybdenum disulfide (MoS2) nanosheets as a 
member of this new family have gained increasing attention and 
have been successfully applied in the drug delivery system, which 
combined photothermal and chemotherapy for cancer, because of 
its low toxicity, ultrahigh near-infrared absorbance, and drug load-
ing capacity (19, 20). In addition, MoS2-based nanocarriers also 
exhibited great potential in gene therapy and other combined ther-
apies (21,  22). For example, the functionalized MoS2 nanosheets 
could be used as a novel gene vector to load small interfering RNA 
(23) and DNA (24) for gene therapy. The designed MoS2 compos-
ites combined with radiotherapy could completely destroy the tumors 
in mice (25). In addition, more and more inorganic nanocarriers, 
e.g., gold nanoparticles, carbon nanotubes, and the emerging black 
phosphorus nanosheets, have been developed and applied to bio-
logical systems, because of their high drug-loading efficiency and 
distinct advantages in combined therapy (26). Thus, the tracking of 
these nanocarriers and payload drugs in living systems is crucial for 
biomedical studies.

In the present study, we took the drug-loaded MoS2 nanosheets 
as a proof of concept to show the possibility of LDI MSI approach to 
track both nanocarriers and drugs in tissues, thereafter to study in 
vivo and in situ drug release behavior. We discovered that LDI MSI 
could indeed simultaneously image the nanocarriers and their pay-
load drugs in tissues based on the concurrently detected intrinsic 
characteristic MS peaks of MoS2 nanosheets and payload anticancer 
drug doxorubicin (DOX), without using a label or tag. This strategy 
was also validated by the gold nanoparticles, carbon nanotubes, and 
black phosphorus nanosheets in nanocarrier-drug systems. The sig-
nificance and features of this method are as follows: (i) first label-
free approach for the simultaneous imaging of nanocarriers and 
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drug release in the suborgan level, (ii) in situ drug release in the 
tissues could be quantitatively evaluated by monitoring the change 
of intensity ratio of drug over nanocarriers, and (iii) this intensity 
ratio was observed directly proportional to the drug/carrier ratio, which 
allows the readout of drug release percentage with high resolution. 
By using this method, the quantitative investigation of the in situ 
drug release of the DOX/PEGylated MoS2 [polyethylene glyco (PEG)–
MoS2] experiment was carried out; the results revealed the different 
inter- and intratissue preferences of DOX/PEG-MoS2 in normal and 
tumor-bearing tissues. The ion intensities of MoS2 species can also be 
correlated directly to the amount of MoS2 nanosheets present in tis-
sues, which allowed for the quantification of the nanocarrier uptakes 
in organs and tumors.

RESULTS AND DISCUSSION
Characterization of MoS2 nanosheets before and after  
drug loading
The MoS2 nanosheets were synthesized by chemical exfoliation and 
sonication according to a previous report (27) and then PEGylated 
with lipoic acid–modified PEG (LA-PEG) to improve the stability 
and solubility of MoS2 nanosheets in physiological conditions (19) 
(see the detailed synthetic process in the Supplementary Materials). 
Transmission electron microscopy (TEM) characterization showed 
the lateral size of synthetic MoS2 nanosheets, and PEG-MoS2 nano
sheets (PEGylated nanosheets) were 750 ± 230 nm and 180 ± 45 nm, 
respectively (fig. S1). Then, the LDI behavior of these nanosheets 

were investigated by LDI MS. Figure  1A shows the clear isotope 
pattern of Mo in negative ion mode upon laser ablation in a 
MALDI–time-of-flight (TOF) mass spectrometer. The further as-
signment with high-resolution (HR) MS suggested that these peaks 
belong to the oxide ions of MoS2, e.g., [MoS2O]− and [MoS2O2]−, 
around the mass/charge ratios (m/z) of 177.8 and 193.8. Given that 
the slight oxidation of MoS2 is very common in this nanomaterial 
(28), these characteristic oxide-negative ions could be used as spe-
cific markers to track the presence of MoS2 nanosheets. Likewise, 
the PEGylated MoS2 (PEG-MoS2) nanosheets exhibited a similar 
MS pattern with bare MoS2 nanosheets (Fig. 1B), which indicates 
that the PEG modification will not change the intrinsic structure of 
MoS2 and that these PEG-MoS2 nanosheets could also be detected 
by LDI MS.

DOX, as one of the common chemotherapy drugs, was loaded on 
the ultrathin large 2D surface of the PEG-MoS2 nanosheets via hy-
drophobic interactions and - stacking (see the detailed loading 
procedure in the Supplementary Materials) (19). The successful 
drug loading can be seen from the characteristic adsorption peak at 
490 nm belonging to DOX in UV-visible (vis) adsorption spectra of 
PEG-MoS2 nanosheets loaded with DOX (DOX/PEG-MoS2) (fig. 
S1F). After drug loading, the fingerprint anions belonging to MoS2 
nanosheets can still be clearly detected in LDI mass spectra of DOX/
PEG-MoS2 nanosheets (Fig. 1C). The characteristic peaks of DOX 
produced by the in-source decay (ISD) can also be detected by LDI 
MS at the same time (the peak assignment by HR MS and ISD frag-
ment mechanism of DOX was shown in fig. S2). Here, the MoS2 

Fig. 1. MS characterization of MoS2 nanosheets. (A to C) LDI mass spectra of (A) bare MoS2 nanosheets, (B) PEG-MoS2 nanosheets, and (C) DOX/PEG-MoS2 nanosheets. 
(D) Calibration curve plotted average ion intensity ratio of DOX (m/z = 321.0) to MoS2 nanosheets (m/z = 193.8) versus DOX loading ratio ([DOX]/[MoS2 nanosheets]). The 
calibration curve was obtained by spiking DOX/PEG-MoS2 nanosheets with a gradient drug/carrier ratio into a liver tissue homogenate. The fingerprint ion signals of mass 
spectra peaks are assigned as follows: m/z = 140.9 to 148.9, [MoO3]−; m/z = 155.9 to 163.9, [MoO4]−; m/z = 171.8 to 179.8, [MoS2O]−; m/z = 187.8 to 195.8, [MoS2O2]−; m/z = 
203.8 to 211.8, [MoS2O3]−; and m/z = 219.8 to 227.8, [MoS2O4]−. a.u., arbitrary units.
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nanosheets may also serve as the matrix to assist the fragmentation 
and ionization of DOX to produce the final fragment product at 
m/z = 321.0, m/z = 335.0, and m/z = 396.1, which could easily be 
discriminated from the MoS2 characteristic peaks around by HR TOF 
MS (fig. S2C), and these DOX characteristic peaks together dis-
criminate the ion signal of DOX from other biological molecules in 
each tissue (figs. S2 and S11). We chose m/z = 321.0 (the highest-
intensity mass peak) as the DOX signal in the following discussion. 
To confirm whether the ion at m/z = 321.0 is indeed from DOX, the 
MS/MS experiments were conducted. As shown in fig. S2, the evi-
dent MS/MS signals of m/z = 321.0 were observed from the tissues 
of DOX/PEG-MoS2–injected mice (fig. S2G); particularly, these 
characteristic signals could match exactly to the MS/MS spectrum of 
the in vitro experiment (the DOX/PEG-MoS2 nanosheets mixture 
was spotted directly on the MALDI target plate; fig. S2F). This re-
sult indicated that the MS/MS signals of m/z = 321.0 in tissues are 
derived from DOX. In addition, we also found that the ion intensity 
ratio of DOX over MoS2 (Im/z 321.0/Im/z 193.8) was proportional to the 
loading ratio of DOX on the MoS2 nanosheets. As shown in Fig. 1D, 
a good linear relationship was observed when plotting the ion in-
tensity ratios of DOX over MoS2 (Im/z 321.0/Im/z 193.8) versus different 
drug/carrier ratios in the homogenate of mouse liver tissue. There-
fore, ion intensity ratio changes can reflect the drug/carrier ratio, 
which means that a decreased ratio will indicate the drug release 
from the nanocarriers. The intensity ratios of the DOX/PEG-MoS2 
with different loading ratios barely change in different tissue ho-
mogenates (fig. S3), although the absolute ion intensity of both 

nanocarriers and drugs may have differed slightly because of the 
influence of these different biological matrices. These results show 
the possibility of monitoring the drug release in tissues by easily 
measuring the MS ion intensity ratio of DOX over MoS2.

Biodistribution of MoS2 nanosheets in mice revealed  
by LDI MSI
The LDI MSI method was first attempted to investigate the circula-
tion time and distribution behavior of bare and PEG-modified 
MoS2 nanocarriers in normal mice (see the details in figs. S4 to S7 
and the previous discussion in the Supplementary Materials). Pre-
dominant distributions were found in reticuloendothelial systems 
such as the lung, spleen, and liver with long retention time (more 
than 30 days for bare MoS2 nanosheets). Studies have shown that 
the PEGylated MoS2 nanosheets have faster excretion from the or-
gans (19, 29), so we also compared the biodistribution of PEG-MoS2 
and bare MoS2 in different tissues at 24 and 48 hours (fig. S6). The 
suborgan imaging results indicated faster clearance of PEG-MoS2 
from all of the studied tissues. The PEG-MoS2 nanosheets could 
barely be observed in lung, kidney, heart, and brain tissues after a 
48-hour circulation. Further investigation was carried out in two 
subcutaneous implanted tumor models: H22 and 4T1 tumor model 
mice (figs. S8 and S9 and the previous discussion). The LDI MSI 
images indicated much lower accumulation of MoS2 nanosheets 
in tumor tissues when compared with the normal tissues. Direct 
comparison of the distribution of MoS2 nanosheets in tumor-
bearing tissue could minimize the influence brought by the growing 

Fig. 2. Distribution of bare MoS2 nanosheets in the liver of orthotopic H22 tumor model mice after 24-hour intravenous injection. (A and B) H&E-stained images 
of the (A) tumor-bearing liver tissue and (B) zoomed-in area of interest. (C and D) Corresponding LDI MSI images showing the distribution of bare MoS2 nanosheets in (C) 
tumor-bearing liver tissue and (D) the corresponding zoomed-in area. (E) Average ion intensity of bare MoS2 nanosheets in normal tissue and tumor foci. (F) Average ion 
intensity ratio of MoS2 in normal tissue and tumor foci after 24- and 48-hour intravenous injection, respectively. Ten regions of interest (50 pixels each) were selected in 
both normal tissue and tumor foci. ***P < 0.01. n.s., no significant difference.



Xue et al., Sci. Adv. 2018; 4 : eaat9039     31 October 2018

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

4 of 9

microenvironment difference of tumors and normal tissues (30). 
To achieve this aim, we carried out further LDI MSI experiments in 
H22 orthotopic tumor model mice. To differentiate the tumor foci 
and normal tissue, we performed hematoxylin and eosin (H&E) 
staining on the adjacent slice of the liver tissue that was sent to LDI 
MSI. Figure 2 shows the distribution of MoS2 nanosheets in the 
tumor-bearing liver tissues. The LDI MSI images (Fig. 2, C and E) 
indicated the preferential accumulation of MoS2 nanosheets in a 
normal region. The average ion intensity of MoS2 nanosheets at m/z = 
193.8 in the normal region is about 3.5-fold higher than that in 
tumor foci (Fig. 2E). Moreover, the intensity ratio of MoS2 in the 
normal region over tumor foci has no notable difference after 
24- and 48-hour circulations (Fig. 2F and fig. S10). These results pro-
vided the quantitative evidence that accumulation of MoS2 nano
sheets in tumor is much lower than in its normal counterpart, and 
this distribution ratio barely changes in a 2-day circulation. Collect
ively, the above studies demonstrated the ability of the proposed 
LDI MSI method for the suborgan mapping and semiquantitative 
comparison of the biodistribution of MoS2 nanocarrier in normal 
and tumor-bearing tissues.

Evaluation of in vivo and in situ drug release  
of MoS2 nanocarriers
One of the main concerns lying in the field of nanomedicine is to 
conveniently evaluate the in vivo and in situ drug release behavior 
(4). The proposed LDI MSI method enabling the simultaneous im-
aging of MoS2 nanocarriers and payload drugs may address these 
issues. To validate this method, we first investigated the DOX/PEG-
MoS2 nanosheets in normal mice by LDI MSI after administration 
for 24 hours. As we expected, both the fingerprint ion signals of MoS2 
nanosheets (m/z = 198.3) and DOX (m/z = 321.0) can be detected in 
the studied organs (figs. S11 and S12). By merging these two ion in-
tensities, the images show a high degree of overlapped distribution 
of MoS2 nanosheets and DOX (fig. S11), which means that the drug-
loaded nanocarriers successfully accumulated in these organs.

Further experiments were performed to investigate the drug 
release of the DOX/PEG-MoS2 in tumor-bearing mice (Fig. 3). 
Figure 3 shows the distribution of DOX/PEG-MoS2 in tissues of 
H22 and 4T1 subcutaneous implanted tumor models. Compared 
with other tissues, DOX/PEG-MoS2 showed high accumulation in 
the spleen and liver, but the tumor tissue accumulation is much 

Fig. 3. Biodistribution and drug release studies of DOX/PEG-MoS2 revealed by LDI MSI. (A and B) Images of the biodistribution of DOX/PEG-MoS2 nanosheets in 
tissues of (A) H22 and (B) 4T1 tumor model mice. (C and D) Average drug/carrier ratio in tissues of (C) H22 tumor and (D) 4T1 tumor models. The average drug/carrier ratios 
in each organ of (C) and (D) were obtained on the basis of the calibration curve in Fig. 1D, by calculating the average ion intensity ratio of DOX (m/z = 321.0) over MoS2 
nanosheets (m/z = 193.8) in three randomly selected regions of corresponding organ (250 pixels each) in H22 and 4T1 tumor model mice, respectively. Scale bars, 5 mm. 
The statistical results shown in this figure were obtained from the mice that we show here, but we have tested three different mice in each group, and they all showed 
similar results.
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lower. This distribution reflects the obstacles lying in the nanomed-
icine area for the limited tumor penetration and inefficient drug 
delivery drug to the tumor site (31). Meanwhile, the merged images 
show the different colors in different organs, indicating the dif-
ferent intensity ratio (Im/z 193.8/Im/z 321.0) in tissues. As mentioned 
before, the simultaneous detection of the MoS2 nanosheets and the 
payload drug provides the opportunity to quantitatively compare 
the in vivo drug release through monitoring the change of ion in-
tensity ratio (Im/z 321.0/Im/z 193.8), which is directly proportional to the 
drug/carrier ratio. The decreased ratio caused by the reduced ion 
intensity of DOX means that the drug is released from the nanocar-
riers. This result means that the drug release or dissociation could 
be in situ visualized by the LDI MSI method. As shown in Fig. 3 (C 
and D), the drug/carrier ratios in various tissues decreased after a 
24-hour circulation when compared with the original value before 
the injection. The drug/carrier ratios even reduced over twofold in 
lung and tumor tissues. This reduction of the ratio indicated the 
release of the DOX from the nanocarriers in tissues. In addition, 
different tissues exhibited differential dissociation degrees. For ex-
ample, the drug release in the liver is less than in other tissues in both 
of the two mice models. The lowest drug/carrier ratio was observed 
in both H22 and 4T1 tumor tissues, and about 63 and 76% of the 
drug were released or dissociated from carriers in these two tissues, 
respectively. This lowest drug/carrier ratio may be ascribed to high-

er drug dissociation extent due to a relatively lower pH value in the 
tumor microenvironment (32) and the slight degradation of MoS2 
nanosheets in tumor tissue. We have confirmed that the release of 
DOX from MoS2 nanosheets is pH dependent (fig. S13), and the 
drug release rate and percentage increased along with the decrease 
of pH values. The released percentage of DOX in pH 5 (~30%) is 
about two times higher than that in pH 7.4 (~15%) after 48 hours. 
These results validated the feasibility of the proposed LDI MSI meth-
od to the in situ drug release study in tissues.

To further study the distribution and drug release and dissociation 
of DOX/PEG-MoS2 in tumor-bearing tissues, we subjected liver tis-
sue from the orthotopic H22 tumor model mice to LDI MSI analysis 
after the injection of these drug-loaded MoS2 nanosheets. As shown 
in Fig. 4, the DOX/PEG-MoS2 showed a similar inhomogeneous in-
tratumoral distribution to the bare MoS2 nanosheets. Further, rela-
tively quantitative results show that the average ion intensity of 
DOX/PEG-MoS2 in normal tissue is about four times higher than in 
its tumor counterpart after a 24-hour circulation (Fig. 4E), which is 
consistent with the previous observation for the lower accumulation 
in tumor tissues. In addition, the different drug dissociation degree in 
normal liver tissue and tumor foci was observed by the comparison of 
drug/carrier ratios in these two regions (Fig. 4F). The drug/carrier 
ratio is about twofold lower in tumor foci, which is similar to the ob-
servation from the above subcutaneous implanted tumor models.

Fig. 4. Images of the distribution of MoS2 nanosheets and their payload anticancer drug DOX in the liver tissue of orthotopic H22 tumor model mice after 24-hour intra-
venous injection. (A) H&E-stained image of the tumor-bearing liver tissue. The inset is the zoomed-in area of interest showing the normal tissue and tumor foci. (B and 
C) Corresponding LDI MSI images of DOX/PEG-MoS2 nanosheets at (B) m/z = 193.8 and (C) m/z = 321.0 in tumor-bearing liver tissue. Insets show the detailed distribution informa-
tion in normal tissue and tumor foci corresponding to the zoomed-in area. (D) Merged LDI MSI images of m/z = 193.8 and m/z  = 321.0 in liver tumor-bearing liver tissues. (E) Average ion 
intensity of DOX/PEG-MoS2 at m/z = 193.8 in normal tissue and tumor foci in (B). (F) Average drug/carrier ratio in normal tissue and tumor foci, which were obtained by calculat-
ing the average ion intensity ratio (Im/z 321.0/Im/z 193.8) in 10 randomly selected regions of normal liver tissue and tumor foci (50 pixels each), respectively. ***P < 0.01. The statistical 
results shown in this figure were obtained from the mice that we showed in this figure, but we have done three different mice in each group, and they all showed similar results.
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As mentioned before, this proposed method could be applied to 
image other inorganic nanocarriers, e.g., drug-loaded carbon nano-
tubes, drug-loaded black phosphorus, and commonly used gold 
nanoparticles (figs. S14 to S16). All abovementioned three nanoma-
terials and their payload drugs can be simultaneously tracked and, 
therefore, can monitor the drug release or dissociation from these 
nanocarriers. The results show that our method is not restricted to 
one specific material but can also be extended to other nanocarrier-
drug systems. Although the MALDI MSI was reported to simulta-
neously image the liposomal markers of liposomal carriers and the 
mimic cargo indocyanine green (33), our method shows advantages 
for the measuring of the real drug without an extra matrix, and the 
drug release could be semiquantitatively measured and read out from 
the imaging results.

Quantification of uptake of MoS2 nanosheets in organs
The LDI MSI method could also quantify the uptake of MoS2 
nanosheets in tissues of mice bearing different times after injection 
(see details in the quantification method; fig. S17). The quantifica-
tion results [percentage of injected dose (ID%)] are shown in Fig. 5, 
and MoS2 nanosheets showed predominant accumulation in the 
lung within our studied time courses (Fig. 5B). The uptake of MoS2 
nanosheets in all three organs reached the maximum 24 hours after 
injection and then decreased with time prolonged, but there was 
still about 5 ID% remaining in the lung, spleen, and liver even after 
30 days, demonstrating the long retention time of MoS2 nanosheets 

in tissues. However, the PEG modification may accelerate the clear-
ance of MoS2 nanosheets from tissues. It has been reported that 
PEG-MoS2 could be excreted from the body almost completely 
within 30 days (29). We also compared our LDI MSI quantification 
with inductively coupled plasma MS (ICP-MS) to ensure the reli-
ability of our method (Fig. 5C). The quantification of ICP-MS 
showed a higher Mo element amount in each organ than LDI 
MSI. Given that the ICP-MS measured the total Mo element in tis-
sues, this slight difference may be ascribed to the existing Mo ele-
ment in animals (control in Fig. 5C) or the Mo dissolved from MoS2 
nanosheets in biosystems (28, 34). This result also implies the ad-
vantage of the proposed LDI MSI method in the quantification of 
intact MoS2 nanosheets. We further extended this method to the 
quantification of MoS2 nanosheets in the lung, liver, and spleen and 
4T1 tumor in tumor-bearing mice (Fig. 5D), and we observed the 
lower uptake of the nanocarriers in tumor compared with other or-
gans. Thus, the proposed LDI MSI method combining the imaging 
and quantitative advantage provided a more comprehensive tech-
nique for the investigation of the biodistribution of nanocarriers 
in animals.

In summary, a novel label-free LDI MSI technique was developed 
and validated for the study of the in vivo and in situ drug release at 
the suborgan level. This strategy demonstrated a new paradigm for 
the analysis of drug release behavior by monitoring the MS intensi-
ties ratio of loaded drug and nanocarriers. With this method, the 
biodistribution of bare and DOX-loaded MoS2 nanosheets was 

Fig. 5. Quantification of MoS2 nanosheets in organs. (A) Calibration curve plotted average ion intensities of m/z = 193.8 against concentrations of MoS2 nanosheets in 
spleen homogenate. (B) Quantification results of bare MoS2 nanosheets in different organs varied with different time courses. (C) Comparative quantification of Mo ele-
ment in different organs by LDI MS and ICP MS. The control group showed the content of Mo element in normal Kunming mice (three normal mice were tested) detected 
by ICP MS. (D) Quantification of MoS2 nanosheets in the lung, spleen, and liver and 4T1 tumor of 4T1 tumor model mice bearing 24-hour intravenous injection of DOX/
PEG-MoS2.
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visually compared in different organ tissues, and more importantly, 
the in situ release behavior of DOX among the tissues and inside 
tumor-bearing tissue was quantitatively investigated. It was observed 
that both the bare and drug-loaded MoS2 nanocarriers were pre-
dominantly distributed in lung, spleen, and liver tissues, whereas 
the accumulation in the tumor is significantly lower than in normal 
tissues. The drug release study revealed the evident tissue-dependent 
releasing characteristics of DOX and provided the direct evidence 
that the drug release was promoted in tumor tissues. The long re-
tention time up to 30 days of the bare MoS2 nanocarriers was also 
observed in tissues. This strategy exhibited a unique advantage of 
both the imaging and quantitative analysis and may be extended to 
other nanocarrier-drug systems and thus can be used as a general 
approach to assist the design and evaluation of new nanotherapeu-
tic systems.

MATERIALS AND METHODS
Materials and chemicals
MoS2 powder was purchased from Sigma-Aldrich (USA). LA, n-
butyllithium solution, and DOX hydrochloride were purchased 
from J&K Chemical Ltd. (Beijing, China). PEG polymers were 
purchased from Seebio Biotech Inc. (Shanghai, China). All high-
performance liquid chromatography–grade solvents were pur-
chased from Beihua Chemicals Inc. (China). Deionized water was 
purified using a Milli-Q Integral water purification system (Mil-
lipore, USA). Multiwalled carbon nanotubes (length, 5 to 20 nm) 
were purchased from Nanjing XFNANO Materials Tech Co. Ltd. 
(Nanjing, China). Black phosphorus powder was purchased from 
Sante Materials Tech Co. Ltd. (Taizhou, China).

Synthesis and characterization of single- and few-layered 
MoS2 nanosheets
Morrison method (27) was used in this paper to synthesize single- and 
few-layered MoS2 nanosheets. Briefly, 5 ml of 1.6 M n-butyllithium 
solution in hexane was added into 500 mg of MoS2 powder under a 
nitrogen atmosphere and then stirred for 48 hours at room tem-
perature to complete lithium intercalation. After that, the mixture 
was filtered to remove unreacted lithium, and the semidry mixture 
on the filter was washed with 100 ml of hexane to remove other or-
ganic residues. Then, the mixture was quickly immersed into 150 ml 
of deionized water and ultrasonicated for 1 hour to effectively achieve 
exfoliation. The exfoliated MoS2 nanosheets were then centrifuged 
and washed with deionized water to remove LiOH precipitates and 
unexfoliated MoS2. Last, the obtained MoS2 nanosheet solution was 
dialyzed against deionized water using membranes [molecular weight 
cutoff (MWCO), 14 kDa] for 2 days and then stored at 4°C for fu-
ture use. The synthesized single- and few-layered MoS2 nanosheets 
were characterized by TEM [HRTEM, JEM-2011, JEOL (Japan)], 
UV-vis spectroscopy [TU1900, Purkinje General Instrument Co. 
Ltd. (Beijing, China)], and Fourier transform infrared spectroscopy 
[TENSOR-27, Bruker Optics (Germany)].

Modification of MoS2 nanosheets with LA-PEG
Modification of MoS2 nanosheets with LA-PEG was accomplished 
according to a previous report (19). Briefly, 100 mg of LA-PEG was 
mixed with 10 mg of bare MoS2 nanosheets in 20 ml of deionized 
water; after sonication for 20 min, the mixed solution was stirred at 
room temperature for 24 hours to achieve the LA-PEG modification. 

Then, excess LA-PEG was removed by ultracentrifugation with a 
Millipore centrifugal filter device (MWCO, 100 kDa).

Drug loading
DOX was loaded on the LA-PEG–modified MoS2 nanosheets by 
mixing the PEG-MoS2 nanosheets (0.2 mg/ml) with saturated DOX 
solution [in 10 mM PBS (phosphate-buffered saline) buffer (pH 8.0)] 
and stirring at room temperature for 24 hours. After loading, the 
excess free DOX was removed by centrifugal filtration and washed 
with PBS buffer several times. The amount of loading DOX was de-
termined by measuring the characteristic peak intensity UV-vis ad-
sorption spectra of PEG-MoS2 nanosheets and DOX/PEG-MoS2 
nanosheets. The concentration of PEG-MoS2 nanosheets was deter-
mined by adsorption at 808 nm, and the concentration of DOX was 
determined by adsorption at 490 nm after subtracting the contribu-
tion by PEG-MoS2 nanosheets.

Animal care
Male Kunming mice (25 to 30 g) and female Balb/c mice were pur-
chased from the Experimental Animal Center of the Academy of Mil-
itary Medical Sciences. The animal experiments were performed 
according to the NIH Guide for the Care and Use of Laboratory Ani-
mals (National Institutes of Health Publication, No. 3040-2, revised 
1999, Bethesda, MD) and were approved by the Animal Care and Use 
Committee of the Chinese Academy of Sciences.

Intravenous administration of bare MoS2 nanosheets and 
drug loading MoS2 nanosheets in mice
Bare MoS2 nanosheets were injected into the normal and tumor-
bearing mice through the tail vein with the dose of 5 mg/kg. The 
intravenous doses of MoS2/PEG-DOX used for normal and tumor-
bearing mice were 5 mg/kg for MoS2 nanosheets and 3.5 mg/kg 
for DOX.

Tissue preparation
Male Kunming mice and female Balb/c mice injected with MoS2 
nanosheets or DOX/PEG-MoS2 nanosheets were sacrificed by cer-
vical dislocation after a specified time period, and organs studied in 
this paper were harvested within 10 min. Harvest organs were snap-
frozen in liquid nitrogen and then stored in the fridge at −20°C. Be-
fore LDI MSI, the frozen tissues were cryosectioned at 10-m-thick 
sections using a Leica CM1950 cryostat [Leica Biosystems (Nussloch, 
Germany)], and then, tissue sections were thaw-mounted onto 
the conductive side of an indium tin oxide (ITO)–coated glass slide 
[Bruker Daltonics (Bremen, Germany)]. For tissues that need H&E 
staining, tissues adjacent to the section for LDI MSI were mounted 
onto adhesion microscope slides. The ITO-coated glass slides with 
tissues were placed into a vacuum desiccator for about 30 min to 
completely dry the tissue.

Laser desorption/ionization mass spectrometry imaging
MSI was performed in negative reflection mode on an Ultraflextreme 
MALDI-TOF/TOF mass spectrometer [Bruker Daltonics (Billerica, 
MA)] equipped with a smartbeam II Nd:YAG 355-nm laser. Each mass 
spectrometer was acquired by adding 200 laser shots with the laser 
operating at 2000 Hz. Spatial resolution for tissue section imaging 
was set as 50 to 100 m, the spatial resolution of tissue homogenate 
imaging for quantification was set as 200 m. Before imaging, the 
laser power energy was adjusted to the optimal energy to acquire 
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the best fingerprint ion signal of MoS2 nanosheets and drug. For 
quantification, the laser energy was kept constant for the whole 
process. The FlexImaging 4.0 software provided by Bruker Daltonics 
was used to profile the MSI results.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/10/eaat9039/DC1
Supplementary Materials and Methods
Fig. S1. Characterization of MoS2 nanosheets.
Fig. S2. Identification of DOX fingerprint mass peak.
Fig. S3. Average ion intensity ratios of the DOX/PEG-MoS2 with different loading ratios.
Fig. S4. Representative LDI MS spectra in mice tissues. 
Fig. S5. LDI MSI images of tissues in normal mice.
Fig. S6. LDI MSI images of tissues injected with bare and LA-PEG–modified MoS2 nanosheets 
(PEG-MoS2) in normal mice.
Fig. S7. Suborgan distribution of MoS2 nanosheets in normal mouse spleen.
Fig. S8. H&E-stained images of tissues from the tumor model mice.
Fig. S9. LDI MSI images of tissues in subcutaneous implanted tumor models.
Fig. S10. Distribution of bare MoS2 nanosheets in the liver of orthotopic H22 tumor model 
mice after 48-hour intravenous injection.
Fig. S11. LDI MSI images of MoS2 nanosheets and their payload DOX in tissues of normal mice.
Fig. S12. Representative LDI mass spectra of DOX/PEG-MoS2–injected mouse tissue slices.
Fig. S13. Drug release from DOX/PEG-MoS2 nanosheets at different pH values as a function of 
time.
Fig. S14. LDI MSI images of CNTs (carbon nanotubes) and their payload DOX in tissues.
Fig. S15. LDI MSI images of black phosphorus nanosheets and their payload DOX in tissues.
Fig. S16. LDI MSI images of gold nanoparticles and their payload DOX in tissues.
Fig. S17. Standard calibration curves for bare MoS2 nanosheets in tissues.
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